Lipid secretions from algae pose a great opportunity for engineering biofuel feedstocks.
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INTRODUCTION
Algae secrete small molecules such as fatty acids, polysaccharides, small peptides and amino acids as well as exotoxins into their environment [1] . Understanding such secretions is important for deeper insights into laboratory microecosystems of algae, metabolism studies of algae and algal biofuel research. Pratt (1942) observed such extracellular secretions from Chlorella algae diffuse through cell walls and leak into the culture medium [2] . The algal exudate (Chlorellin) had inhibitory effects on bacteria and algae. The mixture was later analyzed to contain free fatty acids which are cytotoxic to cell membranes [3] . Isotopic tracer experiments were used to postulate that the excretion of a series of amino acids are synchronized to the light cycle of algal photosynthesis [4, 5] . Bell and Mitchel (1972) observed that bacteria belonging to the genus Spirillum were attracted within 10-15 minutes to algal exudates from the diatomaceous algae Skeletonema [6] . Bacteria can grow in algal exudates such as amino acids and sugars without additional carbon sources [7] . It also has been discussed that macroalgae release chemical compounds in defense of herbivores that graze on such algae [8] or predators that actively evolved to detect chemical signals released from algae [9] . Toxic algal secretions including domoic acid or brevetoxins occur during harmful algal blooms (HAB) and are threatening to other wildlife species [10] . It has been hypothesized that algae and bacteria release mucoid substances as protection against ultraviolet radiation [11] . On diatom algae (phytoplankton) the extracellular mucilages contain a complex mixture of proteoglycans and sulfated polysaccharides [12] .
In this research paper we investigate the extracellular lipid secretions (see Figure 1 ) from the unicellular green algae UTEX 2341 (annotated as Chlorella minutissima [13] [14] ).
Such extracellular secretions were reported previously by Gladu et al. where an scanning electron microscope (SEM) image shows mucoid substances outside the cell walls [14] .
UTEX 2341 is a promising candidate for biofuel and biomass production, however the molecular composition of lipid secretions has not been reported in detail. The analysis of such material at the molecular level and the complexity calls for a series of analytical platforms and separation techniques to be used (see Figure 2 ). Fast fingerprint infusion spectra can be obtained with the Direct Analysis in Real Time (DART) ion source coupled to mass spectrometers [15] . Fatty acids analysis can be performed best by converting free fatty acids into their methyl esters (FAME) and analyzing them with GC-MS. Using a preseparation technique such as thin-layer chromatography (TLC) enhances the information content of FAME analysis [16] . Also Matrix-assisted laser desorption/ionization coupled to accurate mass time-of-flight instruments (MALDI-TOF-MS) were used for the analysis of algal lipids in the past [17] . A detailed fragmentation analysis using tandem mass spectrometry analysis software (MS/MS) is possible by nanoelectrospray (nanoESI) chip based direct infusion [18] . Using ultra-high resolving power Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) it is possible to analyze multiple lipid classes and especially generate unique elemental compositions for lipid species [19] . A detailed separation of multiple lipid species can be obtained with high-performance liquid chromatography coupled to accurate mass quadrupole time-of-flight mass spectrometers (LC-QTOF) [20, 21] or LC-Orbitrap mass spectrometry [22] 2. METHODS
Algal growth and separation of algal secretions
The algal strain UTEX 2341 (assigned as Chlorella minutissima, also assigned to the Nannochloropsis genus [14] and other species [13] ) was obtained from the Culture colonies was observed (see Figure 1 ). The extracellular matter was separated and extracted with a modified Folch method [23] . To do this, the secreted matter was first washed from the algal colony using 2 ml methanol and filtered through a 0.22 μm filter into a 50 ml Falcon tube. The total volume was adjusted to 5 ml with methanol and 10 ml chloroform was added and vortexed. Additionally 3 ml water was added and vortexed.
The mixture was centrifuged at 1000 g for 2 minutes, and the upper phase, interface and lower phase were collected and lyophilized for 48 hours. 
Direct Analysis in Real Time (DART) analysis

GC-MS FAME analysis
In order to analyze fatty acids in the GC-MS, their methyl ester analogs (FAME) had to be prepared. The dried sample was dissolved in 200 μl hexane and transferred to another glass vial and mixed with 50 μl toluene, and then 100 μl BCl 3 -methanol was added (Sigma-Aldrich; Supelco 33353; boron trichloride in methanol 12%). The mixture was heated in a water bath at 75°C for 10 min. After cooling, 200 μl distilled water was added. The organic and aqueous phases were then separated and 100 μl of the upper organic phase containing the fatty esters was used for further GC-MS analysis. All solvents and plastic Eppendorf tubes were screened to determine the level of contamination (solvent blanks and method blanks). The injector was an Apex ProSep 800 precolumn separation inlet (Apex Technologies, Inc., NJ). The precolumn mode program was set to splitless mode for 0.17 min, and then changed to GC split for 2.5 min. The precolumn oven of the ProSep was held at 50°C for 0.10 min and then programmed to 250°C at 75°C/min and held for 0.10 min, finally got to 350°C at 50°C/min and held for 32 min. The precolumn method here was for FAME analysis.
The samples were analyzed with an Agilent 6890 gas chromatograph coupled to an Agilent 5973 MSD (Agilent, Santa Clara, CA). 5 μl sample was injected at different split ratios of 10:1, 20:1 and 100:1 by an Agilent 7683B series autosampler (Agilent, Santa Clara, CA). The GC column was an Agilent HP5-MS capillary column bonded 5% phenyl, 95% dimethylpolysiloxane (30m×250μm i.d., 0.25μm film thickness). The temperature program was started at 60°C for 0.5 min. Then the temperature was ramped to 320°C at 10°C/min, and then held at 325°C for 10 min. Helium was used as carrier gas with constant flow rate of 1.0 ml/min. The solvent delay was 6.35 min. The MS filament source temperature was set to 230°C; the quadrupole temperature was set to 150°C and the transfer line temperature was 280°C. Spectra were acquired in positive (70eV) full scan mode from 50-650 m/z at 2 spectra/s scan speed.
Nanoelectrospray chip-based infusion into a linear iontrap mass spectrometer
A chip based nano-electrospray infusion (Advion Nanomate) was coupled to a LTQ Da in order to increase the number of MS/MS spectra for individual components. Each file contained between 100-150 MS/MS precursor ions and the related product ion spectra that averaged between 1-30 scans each. Solvent blanks and method blanks were measured to analyze existing background contaminants from plastic material and extraction solvents. 
Chromatographic and mass spectral settings on the Q-TOF instrument
Data processing and MS/MS database search
The identification of compounds was based on authentic reference MS/MS spectra and an in-house developed MS/MS database (LipidBlast). The QTOF-LC-MS/MS spectra were extracted with Agilent MassHunter software and exported as MGF format (10 counts abundance minimum). For the LTQ instrument the Thermo RAW files were converted using the Thermo ExtractMSn software and the freely available DeconMSn program [24] . The MGF format is a container format that holds multiple MS/MS scans with their referenced precursor ion masses. In order to create consensus MS/MS scans and to reduce the number of spectra all similar MS/MS scans with the same precursor ions were clustered using the MSCluster program [25] For low-resolution MS/MS search the freely available NIST MS Search GUI program [26] and the NIST MSPepsearch GUI [27] 
RESULTS
Analysis of algal secretions with DART-linear iontrap mass spectrometry
The DART analysis allows the fast acquisition of mass spectra without any sample preparation or preseparation, because the sample is directly infused by holding a glass
capillary into the open DART ion source. Such fingerprinting methods are preferable in order to perform classifications in a high-throughput mode. A complex mixture was detected from the mass spectrum (see Supplement) and based on this observation additional analysis steps were performed as discussed below.
Analysis of algal free fatty acid secretions with GC-MS (FAME method)
Two main free fatty acids components were observed in the excretion by FAME analysis.
C16:0 (Hexadecanoic acid methyl ester; methyl palmitate) and C18:0 (Octadecanoid acid methyl ester; methyl stearate) were annotated using authentic FAME reference standards with retention time and mass spectral matching. Figure 3 shows the chromatogram and the mass spectra with the characteristic FAME marker ions m/z 74, 87, 143 and molecular ions m/z 270 (C16:0) and m/z 298 (C18:0). No other free fatty acids as FAMES were observed in the excretion using these characteristic m/z markers.
Analysis of algal secretions with chip based nanoESI direct infusion
The chip-based nanoelectrospray direct infusion coupled to a low resolution iontrap platform utilized data-dependent MS/MS scans in positive and negative mode (see Table 1 ). Due to the complexity of the exudate and same mass isobaric overlaps many of the tandem mass spectra represented mixed compounds.
Analysis of algal secretions with LC-QTOF-MS/MS
The high-resolution accurate mass LC-MS was performed in positive mode and negative mode (see Table 1 ).
All annotations were performed via accurate mass precursor search, retention time . The complete elucidation of these fatty acyls requires a more detailed analysis with picolinyl, TMS or DMOX derivates [28] . In addition, an exhaustive query on matching accurate precursor ion masses against lipid databases was performed yielding a high number of tentative lipid annotations (see supplemental data).
However, these tentative annotations lack confirmatory MS/MS product spectra and therefore such annotations potentially have a higher false-positive and false negative-rate.
DISCUSSION
Taxonomic classification of algae is still a challenging process
Correct taxonomic classifications are important for the compound annotations process. If taxonomy-metabolite relationships are known, such target compound lists can be assembled from databases and a targeted analytical screening process can be performed [29] . The problem is that even in major strain collections, taxonomy annotations may be wrong [13] . The classifications found in these strain collections can be based on microscopic observations, chemotaxonomy data such as the content of alkanes, chlorophyll or carotenoids or they are purely based on genomic information. The algal strain UTEX 2341 (Chlorella minutissima) was assigned to the Nannochloropsis species in one publication [14] . This information is also maintained at the UTEX website (http://www.sbs.utexas.edu/utex/). A phylogenetic comparison based on the 18S ribosomal RNA subunit placed UTEX 2341 (named as Chlorella multissima) into the Trebouxiophyceae class, within close proximity to Botryococcaceae and Chlorellaceae as well as Nanochlorum eukaryotum (Nannochloris species) [30] . A very recent sequence comparison based on the 23s rRNA genomic sequence [31] , shows a cladogram with UTEX 2341 in near proximity to other Chlorella species [32] . A final correct classification may be obtained after all 4000 Chlorophyta species (green algae) will be fully sequenced.
Algae contain and secrete diverse compound mixtures during their life cycle
Algae contain a series of lipid-like compound classes including free fatty acids, sterols, carotenes, phospholipids, galactolipids, betaine lipids and glycerolipids [33] . [39] . Chlorella minutissima contains high contents of DGTS as well as PC as major phospholipids [40] . However the closely related Chlorella vulgaris strain does not contain DGTS but only phosphatidylcholine [36] . DGTS or DGTA were observed in the UTEX 2341 secretions (see Figure 6 ). Using MS/MS analysis the DGTS and DGTA betaine lipids are easily detected by the dominant product ion m/z 236 [41, 42] and DGCC by the ions m/z 104 and 132 [43] . Sulfoquinovosyldiacylglycerols (SQDG) were observed in Chlorella more than 50 years ago [44] . Chlorella algae grown on cysteine as a sole sulfur source instead of sulfate, had a fifteen times lower CO 2 fixation rate, synthesized larger amounts of triglycerides and lost their ability to grow photoautotrophically [45] .
With the FAME GC-MS methods we were able to detect the main free fatty acids C16:0 and C18:0 in the algal secretions. Because we observed additional lipid-bound fatty acids with the LC-MS/MS method we have to assume that no transesterification occurred under mild reaction temperatures. A report by Wood et al [46] showed that the fatty acid content of the algae UTEX 2341 heavily fluctuates depending on the carbon and nitrogen source. High C16:0 content was reported under basal ammonia and an increase of 30% for C16:1 was observed under glycerol and ammonia as medium. Another report only shows minor free fatty acid contents of C16:0 in the algae itself [47] . A detailed fatty acid methyl ester analysis of Chlorella species using a transesterification method and GC-MS revealed 160 different fatty acids from C7:0 to C30 chain length, with odd and even carbon numbers, different degrees of unsaturation, cyclopropane-and methylsubstitutions [48] .
We observed no bacterial colonies on the plates using microscopic analysis. However it can not be totally excluded that algae were contaminated and bacteria were feeding on exudate and henceforth that a bacterial strain or community was analyzed. Generally bacterial contamination can be analyzed by performing microscopic analysis [14, 49] , staining methods or better genomic sequencing of these secretions with subsequent matching against genomic databases or phylogenetic analysis. Nevertheless Gladu et al.
observed the same mucoid secretions on the outer cell walls of UTEX 2341 [14] .
Furthermore the exudate can consist of additional molecular classes (polysaccharides, glycans) [12] that are not covered with our platform. Such unidentified lipophilic compounds can be co-extracted with the Folch method. That can lead to mixed product ion spectra and false positive identifications, even on ultra-high resolution instruments.
Multiple analytical platforms are needed for analysis of complex matrices
Our current platform collection used here does not investigate higher molecular species such as carbohydrates, proteoglycans or species with a molecular weight higher than 2000 Da. Such species must be covered by carbohydrate sequencing methods or glycomics approaches. For simple fingerprinting of hydrocarbons and carbohydrates pyrolyzer-gas chromatography can be used [51] . fragmented together, resulting in mixed spectra. Also triple-quadrupole mass spectrometry which is often applied for lipid profiling is prone to false-positive and falsenegative identifications [53] unless an additional production ion scan is triggered for MS/MS confirmation (on hybrid or QTRAP instruments) [52] . For a detailed analysis of complex algae lipids the classical methods of thin-layer chromatography (TLC) with subsequent GC-MS FAME analysis [16, 17, 38] seems to be favorable for the discovery of new and existing compound classes. Once a separation into different compound classes is established, high-resolution mass spectrometry can be used to annotate compounds without the problem of isobaric overlap [19] . The use of accurate mass during the precursor filtering process in MS/MS search lowers the number of false-positive candidates and increases the confidence level in compound annotations.
Tandem mass spectral libraries (MSMS) are currently limited in size and molecular diversity
The identification of small molecules with tandem mass spectral libraries is currently hindered by the small size of the MS/MS libraries. metabolites [57] . One possible approach to increase the coverage is the creation of insilico MS/MS libraries that contain computer generated fragments and abundances (see Figure 6 ), similar to known approaches for peptide identification [52] . It is also useful to enrich such MS/MS databases with taxonomic information in order to allow a rediscovery of unidentified compound spectra.
Pathway databases and compound databases currently lack detailed molecular lipid species for most algal species
The metabolome coverage for less investigated species such as the strain UTEX 2341 in pathway databases is currently none existent. Even one of the best researched algae Chlamydomonas already more than 20 years ago [39] .
The reason of such low coverage is not the quality of the databases itself, but the intrinsic way such molecules are reported. The most common way was to report molecules in publications; however the loss of data is tremendous because it requires optical chemical structure recognition. We discussed in a recent report that molecules, taxonomy and meta-data must be directly submitted to electronic databases to allow collection and later queries [29] . However no such large public repositories currently exist. The National Science Foundation (US) and the Japan Science and Technology Agency (JST) recently acknowledged the lack of metabolome coverage and announced a joint program in 2011 called "Metabolomics for a Low Carbon Society (METABOLOMICS)" to 1) capture all major metabolites, 2) develop of standards and annotations of unknown metabolites 3)
identify specialized metabolites of potential value from plants, algae and bacteria.
CONCLUSIONS
We identified polar lipid compounds from the outer cell wall secretions from the algal strain UTEX 2341 by employing chromatographic separation techniques coupled to highresolution and low-resolution tandem mass spectrometry (MS/MS). We annotated around 
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